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Aligarh, India; and §Department of Biochemistry, Jamia Hamdard, Hamdard Nagar, New Delhi, IndiaABSTRACT EhCaBP1 is a well-characterized calcium binding protein from Entamoeba histolytica with four canonical EF-hand
motifs. The crystal structure of EhCaBP1 reveals the trimeric organization of N-terminal domain. The solution structure obtained
at pH 6.0 indicated its monomeric nature, similar to that of calmodulin. Recent domain-wise studies showed clearly that the
N-terminal domain of EhCaBP1 is capable of performing most of the functions of the full-length protein. Additionally, the
mode of target binding in the trimer is similar to that found in calmodulin. To study the dynamic nature of this protein and further
validate the trimerization of N-terminal domain at physiological conditions, the crystal structure of N-terminal domain was deter-
mined at 2.5 A˚ resolution. The ﬁnal structure consists of EF-1 and EF-2 motifs separated by a long straight helix as seen in the
full-length protein. The spectroscopic and stability studies, like far and near-ultraviolet circular dichroism spectra, intrinsic and
extrinsic ﬂuorescence spectra, acrylamide quenching, thermal denaturation, and dynamic light scattering, provided clear
evidence for a conversion from trimeric state to monomeric state. As the pH was lowered from the physiological pH, a dynamic
trimer-monomer transition was observed. The trimeric state and monomeric state observed in spectroscopic studies may repre-
sent the x-ray and NMR structures of the EhCaBP1. At pH 6.0, the endogenous kinase activation function was almost lost, indi-
cating that the monomeric state of the protein, where EF-hand motifs are far apart, is not a functional state.INTRODUCTIONEntamoeba histolytica is a widely distributed parasitic
protozoa and the major cause of morbidity and mortality in
developing countries (1–3). The genome of E. histolytica
contains numerous calcium binding proteins (4,5). The
calcium binding protein-1 from E. histolytica (EhCaBP1),
is an essential effector for cytoskeletal organization and is
vital for survival of the organism (6). EhCaBP1 contains
four EF-hand motifs, each of which binds to one calcium
ion. The crystal structure of EhCaBP1 was published from
our laboratory at 2.4 A˚ resolution, where only the N-terminal
half of the molecule was traced (7). The solution structure re-
ported at a low pH (pH 6.0) indicated its monomeric nature
and structural similarity with calmodulin (CaM) (8,9).
Unlike CaM, the crystal structure of EhCaBP1 showed that
the EF1 and EF2 are far apart and connected by a long
straight helix (7). The crystal structure displayed the
domain-swapped trimeric arrangement of EF-hand motifs
of the N-terminal domain; the assembled-domain in the
trimer is similar to the N-terminal domain of CaM (7).
Recent studies on the independent domains of EhCaBP1
have shown that the N-terminal domain can carry out most
of the functions of full-length protein (10). The N-terminal
domain activates the endogenous kinase more efficiently
than the full-length protein (10,11). Fluorescence micro-
scopic study indicated the maximum colocalization of Nt-
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The C-terminal domain of EhCaBP1 shows reduced kinase
activity of ~50–60% of the full-length protein and is local-
ized in the cytoplasm with no specific relation with F-actin
or phagocytic cup (10). The crystal structure of EhCaBP1-
Phe complex shows that the phenylalanine is bound at the
assembled-domain interface, revealing its target binding
mode (10). These studies show clearly that the N-terminal
domain carries out most of the functions in comparison to
the full-length EhCaBP1. Despite its low sequence identity,
the NMR structure of EhCaBP1 more closely resembles that
of CaM (8). To further validate the trimerization of the
N-terminal domain at a physiological condition, monomeric
state at lower pH, and also to study the dynamic behavior of
this molecule, the N-terminal domain of EhCaBP1 (Nt-Eh-
CaBP1) was overexpressed, purified, crystallized, and the
three-dimensional structure was determined. We believe
the studies reported here provide evidence for the dynamic
nature of Nt-EhCaBP1, depending on the pH of the envi-
ronment. The far and near-ultraviolet (UV) circular
dichroism (CD) spectroscopy, intrinsic tyrosine fluores-
cence, acrylamide quenching of tyrosine fluorescence, and
ANS binding studies confirm the transition of trimer to
monomer from pH 7.4 to pH 6.0. The physiological condi-
tion is more favorable for its trimeric organization, whereas
the low pH leads to the dissociation of trimer to its mono-
meric units. Due to its inability to activate endogenous
kinase at pH 6.0, the monomeric state is not the active
conformation of this protein.doi: 10.1016/j.bpj.2010.03.048
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Buffers and solutions
Throughout the spectroscopic experiments, only two solution conditions
were used: solution I (similar to physiological condition): 20 mM Tris-
HCl pH 7.4, 1 mM CaCl2, 150 mM NaCl; and solution II (similar to
NMR experimental condition): 20 mM Bis-Tris-HCl pH 6.0, 1 mM of
CaCl2. All solutions were prepared in MilliQ water and filtered through
a 0.2-mm Millipore syringe filter. pH measurements were carried out using
EUTECH instruments-pH 510.Overexpression and puriﬁcation of N-terminal
domain of EhCaBP1
The clone of N-terminal domain in pET3c expression vector was the gift of
Prof. Alok Bhattacharya (School of Life Sciences, Jawaharlal Nehru Univer-
sity, New Delhi). The N-terminal domain consisted of the first 66 amino
acids of the full length protein, which is 134 amino acids in length. The
N-terminal domain of EhCaBP1 was expressed and purified in a manner
similar to that of full-length protein (12), with minor changes. The DEAE-
Sepharose column was washed with 10 bed-volumes of 50 mM of Tris-Cl
(pH 7.5), 2 mM EGTA (pH 7.5) and 10 bed-volumes of 50 mM of Tris-
Cl (pH 7.5), 2 mM EGTA (pH 7.5) and 20 mM of NaCl. The protein was
eluted in 1-mL fractions with 50 mM Tris-Cl (pH 7.5), 3 mM CaCl2, and
the absorbance at 280 nm was monitored. Centricon tubes from Millipore
(3 kDa cut-off size) were used to concentrate the protein; the final concen-
tration of the protein was measured using Bradford assay (13).Mass spectroscopy of N-terminal domain
of EhCaBP1
Mass spectroscopy was done using an in-house Bruker Daltonics flex Anal-
ysis instrument of type autoflex TOF-TOF. The purified protein solution was
mixed (1:1) with matrix (sinapinic acid in acetonitrile containing 0.1% TFA)
on a target plate and left to dry before analysis by MALDI-MS. The mass
scale of the instrument was externally calibrated using calibration mixture
(bradykinin, angiotensin I, angiotensin II, substance P, bombesin, renin
substance, ACTH clip, and somatostatin).Crystallization of Nt-EhCaBP1
The purified N-terminal protein was concentrated to 15 mg/mL in 50 mM Tris
buffer (pH 7.5) containing 3 mM CaCl2 and 20 mM of NaCl for crystallization
trials. Initial crystallization screenings were carried out at both 16C and 4C
using hanging-drop method with equal ratios (3mL) of protein and precipitant
solution. Nt-EhCaBP1 crystals appeared within 2–3 days in 18% PEG 500
MME, 100 mM acetate buffer pH 3.6–3.8 with small and round-shaped
morphology (Fig. S2 A in the Supporting Material), whereas the crystals
that appeared in 15–18% PEG 400, 5 mM CaCl2, 10% Isopropanol, 50 mM
NaCl and 100 mM acetate buffer pH 3.6–4.2 were thin needles (Fig. S2 B).
The rod shaped diffractable quality crystals (150 150 100 mm3) appeared
at 16C in approximately 7–10 days on addition of 100 mM of KCl solution
and a mixture of 1 mM each of glycine, proline, glucose, and sucrose as an
additive to the PEG 400 crystallization condition (Fig. S2 C).Data collection, processing, and structure
determination
The x-ray diffraction experiments were carried out at 100 K with N-terminal
crystals mounted on cryo-loops in mother liquor and were flash-frozen in
liquid nitrogen. These crystals diffracted to 2.5 A˚ with an in-house rotating
anode generator (MICROSTAR, Bruker AXS). The data set was indexed,Biophysical Journal 98(12) 2933–2942processed, and scaled with an Automar program (Marresearch, Norderstedt,
Germany) (Table 1).
The structure was solved by molecular replacement with Phaser program
(14) using the native structure of EhCaBP1 (2NXQ) as the search model. In
the native structure only N-terminal domain (2–67 amino acids) was traced
and whole C-terminal domain (68–134) was missing. The structure was
refined to 2.5 A˚ resolution by iterative model building using COOT graphics
package (15) combined with conjugate-gradient minimization with bulk
solvent correction in CNS (16) and PHENIX (17) (Table 1).CD measurements
The isothermal studies and thermal denaturations of Nt-EhCaBP1 by CD
measurements were carried out with Chirascan, a polarimeter of Applied-
Photophysics equipped with a QUANTUM N.O.R.T.H.W.E.S.T.-TC125,
a Peltier-type temperature controller. The instrument was calibrated with
d-10-camphorsulfonic acid (18). All the isothermal CD measurements
were made at 25C. Spectra were collected with 20 nm/min scan speed,
0.1 nm data pitch, and a response time of 2 s. Each spectrum was the average
of 10 scans. The Far-UV CD spectra (200–250 nm) were taken at protein
concentrations of 27 mM in a cell of 0.1 cm path length; for near-UV CD
spectra (250–300 nm), 145 mM protein and 1 cm path length cell were taken.
The results were expressed as MRE (mean residue ellipticity) in deg 
cm2  dmol1, which is given by:
MRE ¼ qobsðmdegÞ=10  n  Cp  l; (1)
where qobs is the observed ellipticity in degrees, Cp is the molar fraction, and
l is the length of the light path in centimeters. All spectra were smoothed by
the Savitzky-Golay method with 25 convolution width.
The thermal denaturations were studied in the range of 293–363 K with 1 K
increment and 1 Kmin1 temperature slope probed by far-UV CD at 222 nm
and near-UV CD at 280 nm. The curves were normalized, assuming a linear
temperature dependence of the base lines of native and denatured states.Steady-state ﬂuorescence measurements
Intrinsic and extrinsic fluorescence studies were carried out on a Cary
Eclipse fluorescence spectrophotometer equipped with a constant tempera-
ture holder at 25C with a 1 cm path-length cell. The excitation and emission
slits were both set at 5 nm. The concentration of protein was maintained at
3.5 mM. Intrinsic fluorescence was measured by exciting tyrosine at 275 nm,
and emission spectra were recorded in the range of 300–400 nm in both
solution conditions. For extrinsic fluorescence, 1-anilino-8-naphthalene
sulfonate (ANS) was probed. The concentration of ANS stock solution
was determined using a molar absorption coefficient (3) of 5000 M1 
cm1 at 350 nm. In the ANS binding experiments, the excitation was set
at 380 nm, and the emission spectra were taken in the range of 400–600 nm.
For all spectra, the smoothing parameters, namely function type,
smoothing order, number of points, and number of times, were Savitzky-Go-
lay, 4, 20, and 1, respectively.Acrylamide quenching experiments
Aliquots of 1 M acrylamide stock solution were added to the Nt-EhCaBP1
solution (3.5 mM) to achieve the desired range of quencher concentrations
(0.01–0.1M). Excitation was set at 275 nm and the emission spectrum
was recorded in the range of 300–400 nm. The decrease in fluorescence
intensity at the corresponding wavelength (l em ¼305 nm) was analyzed ac-
cording to the Stern-Volmer equation:
F0=F ¼ 1 þ Ksv½Q; (2)
where F0 and F are the fluorescence intensities at an appropriate wavelength
in the absence and presence of quencher Q and Ksv is the Stern-Volmer
TABLE 1 Crystallographic data-statistics of Nt-EhCaBP1
Data set Nt-EhCaBP1
Crystallographic data
X-ray source Microstar
Wavelength 1.5418
Space group P3
Unit cell parameters (A˚)
a 89.583
b 89.583
c 35.049
Resolution range(A˚) 22.0–2.5
Rsym (%) 4.06 (26.1)
Completeness 99.0 (99.5)
Observations (N) 39,681
Unique observations (N) 10,746
Redundancy 3.7
Average I/s(I) 10.5 (1.5)
Crystal mosaicity () 0.4
Refinement
Resolution 22.0–2.5
R-factor (%) 23.1
Free R-factor (%) 28.7
Mean B-factor(A˚2) 52.1
Atoms (N)
Protein 2011
Ca 8
Water 64
RMS deviations
Bonds (A˚) 0.010
Bond angles () 1.12
Dihedral angles () 19.3
Cross validated error (Luzzati plot, A˚) 0.35
Cruickshanks DPI for coordinate error 0.316
DPI, diffraction component precision index; RMS, root mean-square.
Values in parentheses are for the last resolution shell. Free R-factor was
calculated with a subset of 9.5% randomly selected reflections.
N-Terminal Domain of EhCaBP1 2935collisional quenching constant. As there are two tyrosine residues in this
protein, they may be differentially exposed to the quencher; hence, a modi-
fied Stern-Volmer equation was applied:
F0=F0  F ¼ 1=ðKsv½Qf aÞ þ 1=f a; (3)
where fa is the fraction of tyrosine residues accessible to the quencher (19).Dynamic light scattering measurements
Dynamic light scattering (DLS) measurements were carried out at 830 nm
using DynaPro-TC-04 dynamic light scattering equipment (Protein Solu-
tions, Wyatt Technology, Santa Barbara, CA) equipped with a tempera-
ture-controlled microsampler. The protein concentration was 5 mg/mL in
two different solution conditions. The protein samples were spun at
10,000 rpm for 10 min and were filtered through 0.02 mm Whatman syringe
filter directly into a 12-mL quartz cuvette. For each experiment, 20 measure-
ments were taken. Mean hydrodynamic radius (RH), standard deviation,
polydispersity, and percent of peak area were analyzed using Dynamics
6.10 software using the optimized resolution. (RH) was calculated from
translation diffusion coefficient by Stokes-Einstein relationship.In vitro kinase assay
Total Entamoeba cell extract was prepared and the activity of EhCaBP1-
dependent kinases was estimated as described previously (20). Two molesof either full-length EhCaBP1 or NtEhCaBP1 was added at different pH
conditions. The gels were dried and exposed to an imaging plate and the
intensity of the band was measured with densitometry.RESULTS AND DISCUSSION
Overall structure of N-terminal domain
of EhCaBP1
The Nt-EhCaBP1 was purified and crystallized as
mentioned in Material and Methods. The crystallization
condition is completely different from that of the full-length
protein. The full-length EhCaBP1 crystals were only ob-
tained when 2-methyl-2,4-pentandiol was used as a precipi-
tant and belonged to P63 space group (7). The hexagonal
crystals of Nt-EhCaBP1 were obtained in PEG 400
(Fig. S2). Nt-EhCaBP1 crystals were confirmed by washing
the crystals with mother liquor and by molecular weight
determination on SDS-PAGE and MALDI mass spectrom-
etry (Fig. S1). The data were collected using an in-house
x-ray source. The crystals belonged to P3 space group,
with four molecules in the asymmetric unit. The structure
was solved by molecular replacement with a Phaser
program (13), using the native structure of EhCaBP1
(2NXQ) as the search model. The final model refined
well with good electron density and crystallographic
R-factor, and R-free values fell within the range of average
values for structures refined at this given resolution (21).
A summary of the data collection statistics is given in
Table 1. Two EF-hand motifs were separated by a long
helix, similar to that traced from the full-length protein
with one calcium-ion bound at each EF-hand motifs
(Fig. 1 A). The coordination geometry of both the
calcium-binding loops is shown in Fig. 1, B and C. The
calcium ion coordinates with seven of its ligands, including
one water molecule, in a pentagonal bipyramidal fashion.Symmetry-related trimeric structure of N-terminal
domain
The extended conformation of N-terminal domain formed
a domain-swapped trimer, where three symmetry-related
molecules interacted in a head-to-tail manner similar to
that reported for a full-length protein structure, revealing tri-
merization of N-terminal domain (7). EF-hand 1 of one
molecule interacted with EF-hand 2 of the symmetry-related
molecule to form a trimer (Fig. 1 D). The assembled-
domains of this trimeric organization were structurally
similar to N-terminal domain of CaM and N-terminal domain
of NMR structure of EhCaBP1 (Fig. 1 E).CD measurements
The protein secondary structure changes were estimated by
observing far-UV CD spectra. Two deep minima near
208 nm and 222 nm are characteristic of a-helical structureBiophysical Journal 98(12) 2933–2942
FIGURE 1 (A) Crystal structure of N-terminal domain shows the extended conformation, where EF-hand 1 and EF-hand 2 motifs are far apart and each motif
binds one calcium ion (orange sphere). The linker region between the two motifs forms a long straight helix. (B) Ca2þ-coordination in calcium-binding loop 1.
(C) Ca2þ-coordination in calcium-binding loop 2. The coordination distances are shown in A˚. Calcium and water molecules are shown as orange and red
spheres, respectively. (D) Three symmetry-related molecules interact with each other and results in trimeric organization. Three N-terminal molecules are
shown in three different colors with the bound calcium ions as orange spheres. The EF-hand1 of one molecule interacts with EF-hand 2 of the neighboring
molecule to form the domain. (E) N-terminal domain from the NMR structure of EhCaBP1 (1JFK), where EF-hand 1 and EF-hand 2 motifs interact with each
other within the same chain and forms a domain. (F) Crystal structure (pink) and NMR structure (blue) of NtEhCaBP1 were superposed on each other. The EF1
motif superimposed well and the orientation of EF2 completely different in crystal structure compared to NMR structure, due to the differences in the structure
of linker region. The graphics were generated by PyMOL (30).
2936 Kumar et al.in aqueous solution due to p-p* & n-p* transitions, respec-
tively. From Fig. 2 A, significant, defined a-helical struc-
tures were detected for Nt-EhCBP1 in both solutions with
different intensities. As the pH decreased, a notable rear-
rangement of spectrum occurred with lowering in major
minima as well as slight changes in the shape of spectra.
A lowering in negative value of ellipticity at 208 nm and
222 nm indicated a sign of a-helical reduction due to intra-
molecular H-bonding rearrangement. This pH-induced
alteration of secondary structure was quantified by K2D on-
line software, an algorithm-based neural network software
(22,23). On lowering the pH from 7.4 to 6.0, the a-helical
content dropped by 17% and the b-sheet (7%) and random
coil (11%) increased. Spectra scanned in different solution
conditions of different pH ranging from 7.4 to 6.0 (data
not shown). A single isodichroic point was obtained near
203 nm, indicating a two-state transition between oligo-
meric to monomeric states with altered secondary struc-
tures, although the shapes of all spectra were very similar,
with varying minima at 208 nm and 222 nm.Biophysical Journal 98(12) 2933–2942The protein Nt-EhCaBP1 consists of five phenylalanine
and two tyrosine residues, but no tryptophan or cysteine
residues. Hence, the peaks and shoulders in the near-UV
CD spectrum correspond to only phenylalanine and tyrosine
residues in different microenvironments. Phe6 and Phe58, at
the interface of the trimer, were significantly affected in the
structural transition from trimeric to monomeric form
(Fig. 1 and Fig. 4). The fine peaks at 259.8 nm and 263
nm were caused by Phe residues. In solutions I and II,
the peaks at ~260 suggest that Phe6 of EF-1 and Phe58 of
EF-2 were in different environments in these conditions.
The peak at 263 nm may have been caused by Phe residues
of the same domain, as they were almost unaffected, even
on lowering of the pH. In Fig. 2 B, the near-UV CD spec-
trum also had an abrupt loss of sharp features at lower pH,
indicating the loss of specific tertiary structures in condition
II as compared to condition I. Tyr19 present at the interface
of the trimer may be extremely sensitive to different pH
conditions (Fig. 2 B). This may also explain the differences
in the near-UV CD spectra.
FIGURE 2 (A) Far-UV CD spectra. (B) Near-UV CD
spectra. (C) Tyrosine fluorescence spectra. (D) ANS fluo-
rescence spectra of Nt-EhCBP1 in solution I () and solu-
tion II (*). Details are given in Material and Methods.
TABLE 2 Spectroscopic biophysical properties of monomer
and trimer of Nt-EhCaBP1
Variables Trimer Monomer
Solution condition I:
pH 7.4
(þ)1 mM CaCl2
(þ)150 mM NaCl
II:
H 6.0
(þ)1 mM CaCl2
()150 mM NaCl
Far-UV CD
MRE222 nm 20,1285 110 15,8545 90
Secondary structures (%)
a-helix
b-sheet
Random coil
785 4 61 5 2
15 0.4 07 5 0.9
215 1 32 5 2
Near-UV CD
MRE280 nm 715 3 62 5 2
Tyrosine fluorescence
F.I.305nm
lmax
4275 6 (a.u.) 3635 7 (a.u.)
308 nm 309 nm
ANS binding
F.I.480nm
lmax
6855 12 (a.u.) 8465 8 (a.u.)
483 nm 479 nm
Acrylamide quenching
Ksv
fa
13.35 0.4 M1 15.45 0.6 M1
1.015 0.1 1.9 5 0.3
Dynamic light scattering
RH
%Pd
3.05 0.4 nm 1.1 5 0.1 nm
4.35 2.2 8.6 5 3.1
CD, circular dichroism; fa, fraction accessibility; F.I., fluorescence intensity;
Ksv, Stern-Volmer constant; MRE, mean residual ellipticity in deg  cm2 
dmol1; Pd, polydispersity; RH, hydrodynamic radii; UV, ultraviolet.
N-Terminal Domain of EhCaBP1 2937Steady-state ﬂuorescence measurements
In intrinsic fluorescence of proteins, the degree of tyrosine
exposure to solvent can be determined by the lmax and fluo-
rescence intensity as the loosely packed or denatured state of
proteins show less fluorescence intensity along with red
shifted spectra. This means that tyrosine fluorescence
maxima are dependent on the hydrophobicity of the
surrounding environment. Fig. 2 C shows the emission spec-
trum of Nt-EhCBP1 at different solution conditions. The
maximum emission at physiological pH (solution I) was at
307 nm with fluorescence intensity of 427 5 6 (a.u.), indi-
cating the burial of tyrosine residues. On decreasing pH
(solution II), there occurred a red shift in lmax, which was
clear evidence of variability in the immediate hydrophobic
microenvironment of tyrosine and the conformational states
of respective protein owing to structural changes. Here, on
lowering the pH, the red shift in lmax and decreased intensity
(363 5 7 a.u.) indicate a comparatively higher hydrophilic
environment that may have occurred due to structural
changes and partial exposure of Tyr to the solvent.
8-Anilino-1-naphthalenesulfonic acid (ANS) is an
extrinsic fluorescent probe that binds to the hydrophobic
sites of proteins (23). This property is frequently used as
a probe to study the protein’s conformational changes and
measure its hydrophobic surfaces accessibility (24). Binding
of ANS to the hydrophobic regions of protein increases fluo-
rescence intensity and creates a significant blue shift of fluo-
rescence maximum, which has been used widely to detect
nonnative, intermediate conformations of different proteins.
Comparative emission fluorescence spectra of Nt-EhCaBP1
in different solution conditions are shown in Fig. 2 D. As
seen in the figure, ANS fluorescence was lower in solutionI however, with a decrease in pH (solution II), ANS intensity
increased, along with a momentous blue shift in fluorescence
maximum (Table 2). The blue-shifted fluorescence indicates
the availability of hydrophobic patches at lower pH due to
the disorganization of secondary, tertiary, and quaternaryBiophysical Journal 98(12) 2933–2942
FIGURE 3 (A) Stern-Volmer and modified Stern-
Volmer (inset) plot for acrylamide quenching of Nt-
EhCBP1 in solution I () and solution II (:). (B)
RH determination by DLS in solution I; (C) in solu-
tion II; and (D) in solution I with 20% ethanol. (E)
Plot ofDGD versus temperature for thermal denatur-
ation of Nt-EhCBP1 in solution I () and solution II
(:) by far-UV CD (solid) and near-UV CD (open).
(Inset) fD is plotted against temperature. For more
detail, see Material and Methods.
2938 Kumar et al.structures of protein; suggesting that ANS must be binding to
those regions. At physiological condition, the protein hydro-
phobic patches were less exposed; when pH was reduced, the
hydrophobic residues were relatively more exposed to
solvent, suggesting that Nt-EhCaBP1 is in different struc-
tural state in two different conditions. At pH 7.5, the protein
is to some extent in a packed state; at pH 6.0, it is in a loosely
folded conformation with exposed hydrophobic regions.
Acrylamide quenching
The fluorescence properties of tyrosine residues can be used
to obtain topological information about proteins. Fluores-
cence quenching of the tyrosine residues by neutral
quencher (acrylamide) provides information about the
solvent accessibility of these residues in proteins and the
polarity of their microenvironment. Fig. 3 A depicts the
Stern-Volmer plot and modified Stern-Volmer plot (inset)
for acrylamide quenching studies carried out in solutions I
and II. The values of the Stern-Volmer constant (Ksv) and
fractional accessibility of tyrosine residues to quencher
(fa) were calculated from the plot (Table 2). Ksv for Nt-Eh-
CaBP1 in solution condition I (Ksv ¼13.35 0.4 M1) was
lower than that of solution condition II (Ksv ¼15.4 5
0.6 M1) and was accompanied by an increase of fa from
1.01 (solution I) to 1.88 (solution II). These results indi-
cated that tyrosine residues in solution I were comparatively
less accessible to the quencher than those in solution II.Biophysical Journal 98(12) 2933–2942Furthermore, in solution I, the protein was in a more
compact conformation than the protein molecules in solu-
tion II.
These results, together with intrinsic fluorescence, indi-
cated that protein molecules in solutions I and II were in
different structural states. In the monomeric state, tyrosine
residues are surface exposed; if two domains are associated
with each other, these tyrosine residues should be buried.
Hence, in both conditions, tyrosine residues possess different
microenvironments, and ultimately different structural states.
This also indicates the comparative compactness of protein
in condition I. The difference in the acrylamide quenching
may be due to the buried Tyr19 in trimeric state, which is
exposed in monomeric state (Fig. 4).
DLS
The hydrodynamic radius (RH values) obtained in solution I
(pH 7.4) was 3.05 0.4 nm, whereas in solution II (pH 6.0)
this was only 1.15 0.1 nm (Fig. 3, B and C, Table 2). The
lower value of polydispersity (4.35 2.2% and 8.65 3.1%,
respectively) is a good sign of homogenous species in the
solution. These values suggest that the N-terminal domain
behaved as a trimer at physiological pH and monomer in
acidic pH. The results from CD, fluorescence, and DLS
experiments indicate clearly that at a physiological pH, the
molecule exists in a trimeric state; at an acidic pH, it exists
in its monomeric state. The addition of 20% ethanol at
FIGURE 4 (A) Surface-view of domain-swapped trimer of Nt-EhCaBP1
showing Y19 in the hydrophobic-pocket involved in the formation of assem-
bled-domain. The graphics were generated by Chimera (31). (B) Residues at
interface of assembled domain Y19 in the hydrophobic-pocket of the assem-
bled-domain can also be seen. (C) Interdomain and (D) intradomain p-p
stacking in Nt-EhCBP1. The graphics were generated by PyMOL (30).
TABLE 3 Thermodynamic parameters for temperature
induced transitions of Nt-EhCaBP1
Conditions Variables
2 Structure
(far-UV CD)
3 Structure
(near-UV CD)
m* 7.135 0.12 7.395 0.23
Trimer Tm
y 343.25 2.5 334.95 1.7
DGD(H2O)
z 2.55 0.1 2.55 0.1
m 6.45 0.1 6.55 0.2
Monomer Tm 337.35 1.5 331.95 1.8
DGD(H2O) 2.25 0.1 2.25 0.1
CD, circular dichroism; UV, ultraviolet.
*In cal mol-1K1.
yIn K.
zIn kcal mol1.
N-Terminal Domain of EhCaBP1 2939physiological conditions (solution I) resulted in the peak cor-
responding to the monomeric-form(RH ¼ 15 0.1 nm) of the
protein (Fig. 3 D), which is the result of the trimer-dissocia-
tion. The organic solvent ethanol must disturb the hydro-
phobic interactions between the trimeric interfaces.Stability check of N-terminal domain
The fluorescence, CD, and DLS studies indicate that the two
buffer conditions lead to two different structural states. In
these two different structural states, they should also follow
different denaturation or unfolding patterns. To verify this,
denaturation studies were also carried out at these two condi-
tions. Fig. 3 inset shows the fraction unfolded (fD) protein
curves of thermal unfolding transition for Nt-EhCaBP1 in
different solution conditions measured by far-UV CD
(q222 nm) and near-UV CD (q280 nm) to probe the unfolding
of secondary and tertiary structures, respectively. We
approximated the thermal denaturation transition in condi-
tion I as well as in condition II.The denaturation curves show the pattern of Tm for
secondary structural contents and tertiary contacts. The
tertiary scaffold broke before the helical content disrupted
in both conditions. The protein in condition I had a higher
Tm than the monomeric protein in condition II (Table 3). It
is clear from Fig. 3 E that DGH linearly decreased as the
temperature increased. This linear dependency is useful for
quantitative comparison of temperature effect on these
domains in different conditions. DGD at starting temperature
20C, DGD(H2O) was independent of secondary and tertiary
structural probes; i.e., in case of trimer, the observed
DGD(H2O) by both q222 nm and q280 nm was ~2.5 5
0.1 kcal mol1 and it was 2.2 5 0.1 kcal mol1 for mono-
mer. Hence, the observed conformational stability of Nt-Eh-
CaBP1 at 20C was between 2.0 and 2.5 kcal mol1.
For trimer, the dependence of DGD on temperature
(m values) was greater than the values of monomer. The
surface view of the trimeric organization of Nt-EhCaBP1
is shown in Fig. 4 A. In case of trimer (at pH 7.4), the major
barriers to conformational transition were dissociation of
N-terminal domains into its monomeric subunits at three
positions associated with each other by interdomain hydro-
phobic/van der Waal/H-bonding/p-p interactions (Fig. 4, B
and C). This dissociation was followed by disruption of
individual N-terminal domain by weakening of intradomain
interactions. The above finding explains why the denatur-
ation of trimer is more cooperative than that of monomer.
Furthermore, the value of m can also explain the solvent
accessible surface residues (25). Hence, the difference in
m is due to the interface residues buried in the trimer, but
exposed in monomer.
Furthermore, it is clear from Fig. 5 A that the hydro-
phobic pocket formed at the interface of EF-1 and EF-2
of two N-terminal domains was stabilized by hydrophobic
contacts, along with electrostatic interactions, van der
Wall forces, and H-bonds in the trimeric state. The stability
of these trimers was anticipated by p-p interaction between
Phe6 and Phe58 (Fig. 4 D). In monomeric states, these inter-
actions do not exist; this may explain the variation in
melting temperature.Biophysical Journal 98(12) 2933–2942
FIGURE 5 Endogenous kinase activation by full-length EhCaBP1 and its
N-terminal domain. (A) E. histolytica cell-free lysate (25 g) was the source
of kinase and histone type III (15 mg) was the substrate. L2 and L3 represent
EhCaBP1and Nter, respectively, at pH 7.5. L4 and L5 represent EhCaB-
P1and Nter, respectively, at pH 6.0. L6 and L7 represent EhCaBP1 and
Nter, respectively, at pH 7.5 in presence of 20% ethanol. Two nanomoles
of the protein concentration was used for the assay. The kinase assay was
carried out using [g0-32P] ATP as the phosphate donor. The concentration
of Ca2þ used was 10 M. The reaction products were separated on a 14%
SDS-PAGE and air dried; autoradiography was carried out. The first lane
is histone alone. (B) The intensity of the autoradiogram was measured by
densitometry, as represented by the bar diagram. The bar diagram shows
the relative mean intensity5 standard deviation of three independent exper-
iments.
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EhCaBP1 and Nt-EhCaBP1 activate endogenous kinase(s)
in a Ca2þ-dependent manner (10,11). The ability of the
full-length protein and its N-terminal domain to activate
these kinase(s) was tested at pH 7.4 and pH 6.0, respectively,
using histone phosphorylation visualized by autoradiog-
raphy (10,26) (Fig. 5 A). Both Nt-EhCaBP1 and full-length
EhCaBP1 could activate the endogenous kinase more effi-
ciently at pH 7.4, as observed previously (10), but both
proteins nearly lost their kinase activation function at pH
6.0 and in the presence of 20% ethanol at pH 7.4 (Fig. 5),
indicating that the monomeric protein lost the power of target
binding and activation.CONCLUSIONS
The crystal structure of Nt-EhCaBP1 at 2.5 A˚ resolution
represents a unique EF-hand assembly and domain-swapped
trimerization. This crystal structure further validates the
crystal structure of full-length EhCaBP1 reported previously
from our laboratory. In that structure, only the N-terminal
region was traced, and the C-terminal domain with centralBiophysical Journal 98(12) 2933–2942linker was missing (7). Even though the Nt-EhCaPB1 struc-
ture and full EhCaBP1 structures are very similar, the crys-
tallization conditions of full-length and N-terminal domain
are completely different indicating the involvement of
C-terminal region in full-length EhCaBP1. Very few crystal
structures of calcium-binding proteins with domain-swapped
EF-hand organization have been reported, however, we
believe trimerization has now been reported for the first
time. Overall, the crystal structure of Nt-EhCaBP1 represents
a unique example of how a molecule uses the structural motif
of a similar molecule for domain formation and its functional
variation.
As described before, couple of critical differences in the
sequence between the two corresponding calcium-binding
loops must be resulting in a remarkable change in the overall
structural organization (7), but the basic functional motif
retains its structural integrity for the molecule to function
with a similar mode of target binding. The dynamic behavior
of this domain was confirmed and the trimeric organization
was validated at physiological conditions. Taking into
consideration the solution structure of the full-length Eh-
CaBP1 as monomeric at pH 6.0 (8), the dynamic behavior
of Nt-EhCaBP1 was studied using circular dichroism spec-
troscopy, fluorescence spectroscopy, and dynamic light scat-
tering experiments at pH 7.4 and pH 6.0. We believe these
studies show clearly that Nt-EhCaBP1 exists as trimer at
pH 7.4 and as monomer at pH 6.0.
Generally, many proteins exhibit variations in the kinetics,
binding affinity and even multimeric nature with changes in
pH from 6.0 to 7.5. In almost all the cases a histidine residue
is involved in these processes, which has pKa in this range.
Interestingly, Nt-CaBP1 does not have single histidine
residue but still changes its multimeric nature and structure.
Individually, each amino acid plays a significant role in im-
parting a proper conformation to a protein because of its
intrinsic helix-forming, helix-breaking, sheet-forming, and
sheet breaking propensity (27). The mere secondary struc-
ture forming intrinsic propensity of an individual amino
acid, however, is not enough to determine the structural
fate of a nascent polypeptide chain. The microenvironment
of a residue is the main deciding parameter for protein
conformation. Ionic residues are highly negatively/positively
charged at neutral pH; by electrostatic attraction/repulsion,
they tend to orient the polypeptide backbone so that the H-
bonding pattern can be rearranged to obtain altered
secondary structural elements. Nt-EhCaBP1 is a protein
rich in charged amino acids (33%) with respect to its low
content of hydrophobic residues. In other words, this protein
is conformationally flexible in aqueous solution with respect
to its quaternary structures. The transition from a trimeric to
a monomeric state is associated with a large positive heat
capacity change, which correlates with the ordering of water
around nonpolar groups that become exposed to solvent after
being on the interior of the protein in the native state. Hence,
the entropy gained by not ordering the water around
FIGURE 6 Model of the dynamic equilibrium of Nt-EhCaBP1. (A) At
physiological conditions (pH 7.4), the protein molecule exists as a trimer
as seen in crystal structure. (B) Low pH (pH 6.0) leads to the dissociation
of trimer to its monomeric units. (C) NMR structure of the N-terminal region
of full-length EhCaBP1 is also shown where EF-1 and EF-2 are closely asso-
ciated and forming the N-terminal domain of the full-length protein.
N-Terminal Domain of EhCaBP1 2941nonpolar side chains of interfacing residues certainly coun-
teracts a great deal of the entropy gained by their exposure
to the solvent. This protein can be induced to fold in more
compact structures with an increase in ordered secondary
structural contents, especially a-helical segments in physio-
logical conditions; hydrophobic interactions are extremely
high in Nt-EhCaBP1, and the elevated level of Hþ enhances
local rearrangement of forces associated with every type of
interaction. Hence, the preferred orientation and conforma-
tion of protein is adopted according to the requirement for
binding of metal ions, small peptides, and drugs to this
protein. Usually, different conditions of temperature solvent
and pH of the medium lead to trimer-monomer transition.
The alteration in pH results in a charge neutralization of
extremely higher proportion of charged residues. It would
have facilitated the formation of a monomeric from trimeric
status (Fig. 6) with lower helix content and higher random
coil structure, as well as partial hydrophobic collapse, in
accordance with Holtzer and Holtzer (28), who treated the
helix-coil transition coupled with a dimer-monomer transi-
tion. These studies help to explain how these models physi-
cally perform when the side chains go from rigid to nonrigid
packing. The above unusual characteristics of Nt-EhCBP1
motivated us to carry out further structural studies to obtain
a clear picture of unique orientation and phase transition of
related calcium binding proteins.
On the basis of the available structural information, Nt-
EhCaBP1 can be represented in three models, as shown in
Fig. 6. At the physiological condition, Nt-EhCaBP1 exists
as a trimer, as observed in the crystal structure (Fig. 6 C);
at a low pH, the trimer dissociates into its monomeric unit
(Fig. 6, A and B). The model represents the two monomeric
forms, one with a long extended helix separating the two EF-
hand motifs (Fig. 6 B), and the other with the EF-hand motifs
closely associated and with extensive hydrophobic contacts,
as reported in the NMR structure of this protein (Fig. 6 A).
The spectroscopic observations at low pH indicate a state
with exposed hydrophobic surface, which is possible if the
protein adopts the conformation shown in Fig. 6 B; the CD
experiments confirm a lower a-helical content at lower pH,
which can be similar to NMR structure, where the helixbetween the EF-hand motifs is distorted, but the exposed
hydrophobic surface is not supported in NMR structure.
We believe these results indicate clearly the existence of
an intermediate or equilibrium state between the long
extended helix monomer structure and the NMR structure
at low pH.
In the monomeric form of Nt-EhCaBP1 at pH. 6.0, or in
the presence of 20% ethanol, the protein loses the endoge-
nous kinase activation function. In the monomeric form of
the protein, the EF hand motifs are separated. It is well
known that the single EF hand motifs are not functional;
only when they are paired can they become functional and
bind to the targets (29). Thus, Hþ induced conformational
changes from trimer / monomer may be used to unveil
the mechanism of action and mode of function in cell
signaling. The E. histolytica might have this kind of regula-
tion, where even if the required calcium levels are present to
activate EhCaBP1, if the environment is acidic, it will not
activate the kinases; thus, it may inhibit phagocytosis.SUPPORTING MATERIAL
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